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Following an earlier investigation of the effects of biaxial 
stretch-forming of polymethyl methacrylate to about 50-percent strain, 
the effects of higher degrees of forming were investigated. Sheets 
of comnercial cast polymethyl methacrylate were hot-stretched approxi- 
mately 100 and 150 percent, respectively, and tests were conducted on 
this material and on unstretched control material. It was found that 
the tensile strength increased for the 150-percent-stretched material 
only; this increase was 6 to 1-2 percent. The elongation at failure 
was higher for the stretched materials than for the unstretched but 
decreased as the de=ee of stretching increased. None of the stretched 
specimens crazed in the short-time tensile tests. The threshold stress 
for stress-solvent crazing with benzene was equal to approximately 
three-fourths of the ultUate strength for the 100-percent-stretched 
material, as compared with a threshold stress equal to approximately 
one-fourth of the ultimte strength for the unstretched material. 
Most of the specimens of the 150-percent-stretched material did not 
solvent craze at stresses very close to the ultimate strength. Thus, 
the resistance to crazing increased markedly with increasing degrees 
of biaxial stretching. 

The resistance of the stretched material to surface abrasion was 
found to be apprecfably less than that of the unstretched material. 

A theory for the behavior of the stretched acrylic sheet is pre- 
sented, based on a postulated molecular structure for this material. 

INTRODUCTION 

Previously reported data (ref. 1) Indicated that mderate degrees 
of biaxial stretch-forming greatly'improve the crazing resistance of 
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cast polymethyl-methacrylate sheeting. The results showed that biax- 
ially stretch-few polymethyl methacryhte approximately 50 percent 
greatly increased the elongation at failure and the stress and strain 
at the onset of crazing in short-time tensile tests; in fact most of 
the specimens tested did not craze in these tests. The forming also 
increased the threshold stress of stress-solvent crazing about 75 per- 
cent. In view of these results, an investigation was made of the 
effects of higher.degrees of biaxial stretching on the tensile, crazing, 
and surface abrasion properties.of acrylic glazing. 

This work was performed as one phase of a research program whose 
purpose is to investigate factors affecting the crazing and strength 
properties of l-ted acrylic glazing. The research is being done 
at the National Bureau of Standards under the sponsorship and with the 
financial assistance of the National Advisory Committee for Aeronautics. 
The courtesy of Mr. R. E. Lesry, E. I. du Pont de Nemours & Co., Inc., 
and Mr. W. F. Bartoe, Rohm & Baas Co., Inc.;in furnishing materials 
and information for use in this investigation is gratefully acknowl- 
edged, as well as the courtesy of North American Aviation, Inc., for 
permission to use the information cited from their Report No. NA-52-5. 
The assistance of Mr. Victor Cohen and Mr. Robert W. Mackintosh in 
conducting these tests is greatly appreciated. The statistical design 
of the experiments and analysis of the data were supervised by Mr. John 
Mandel. The X-ray diffraction patterns were made by Mr. H. E. Swanson. 

The materials used were commercial cast polymethyl-methacrylate 
sheets, Lucite and Plexiglas, of both general-purpose and heat-resistant 
grades (ref. 2) and were approx&tately 0.15 inch in thickness. The 
samples were obtained directly from the manufacturers and consisted of 
one sheet from each of two production runs for both grades of materials. 

APPARATUS ANDPPIocEDURFl 

The vacuum forming apparatus and operation are described in detail 
in a previous report (ref. 1). Briefly, a sheet of the plastic is 
heated in an oven to a temperature in the rubbery range, 130° C for the 
general-purpose-grade acrylic sheet and 160' C for the heat-resistant 
material. The sheet is removed from the oven and clamped to a flanged 
cylindrical forming vessel. The vessel is partially evacuated, drawing 
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the sheet down into the cha&er in the form of a hemisphere. An open- 
ended cylinder is inserted into the hemisphere, clamped in place, and 
air is admitted to the forming vessel, causing the plastic to retract 
around the cyUnder. The formed plastic has the shape of a top hat. 
Test specimens are taken from the lo-inch-diameter flat top of the 
formed piece. 

A formed hat is shown in figure 1. The sheet was marked off in 
square grids before stretching so that the degree of uniformity of 
stretching on the flat top could be observed. The length of the squares 
on the flat top indicates the degree of stretching when compared with 
the original length of the squares on the bottom rim. Experiments 
described in reference 1 showed that the amount of stretching was rea- 
sonably uniform over the face of these formed disks. 

For the LOO-percent-stretched material, one disk was formed from 
each sheet, ding a total of two disks of each sample. For the 
150-percent-stretched material, two disks were formed from each sheet, 
makinga totalof four disks of eachsanq?le. Two standard tensile 
specimens and two tapered tensile specimens were tested from each disk 
along with corresponding control specimens from the same respective 
sheets. 

Standard Tensile Tests 

* The standard tensile tests were made at 25O C and 50-percent reti- 
tive humidity following in most details Method No. loll of Federal 
Specification L-P-406a. Four 100-percent-stretched specimens and eight 
15C-percent-stretched specimens of each material were tested along with 
corresponding control speck. The specimens weretested ina sta- 
tistically randomized order and were conditioned at the test conditions 
for at least 24 hours prior to testing. A testing speed of 0.05 inch 
per minute was used up to lo-percent strain, at which point the speed 
was increased to 0.6 inch per minute. Autographic load-extension 
curves were obtained on the unstretched control specimens tith Southwark- 
Peters extensometers snd the associated recorder. The strain gage was 
also used on the first few formed specimens tested. The knife edges 
of the gage, however, scratched the surface of the specimens, resulting 
in a tendency toward premature failure. Accordingly, the strain gage 
was not used for the majority of the formed speed, so that load- 

. extension curves were not obtained. The total elongation was measured 
with dividers for the formed specimens and also for those control specf- 
mens which elongated more than 10 percent. 
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Stress-Solvent Crazing 

The stress-solvent crazing tests were conducted on tensile specimens 
which tapered from a width of 0.500 to 0.333 inch over a 5-inch reduced 
section. In testing, a specimen was placed under a predetermined load 
in a hydraulic testing machine and a blotter, saturated with benzene, 
was pressed against the tapered portion of one face of the specimen for 
10 seconds. The extent of crazing along the length of the specimen was 
noted after removal of the blotter while the specimen was still under 
load. The stress at the point at which crazing terminated was calculated 
as the threshold stress for stress-solvent crazing. The extent of crazing 
on the specimen was taken as that point below which there were no visible 
craze cracks. 

Surface Abrasion Tests 

Surface abrasion tests of both formed and unformed material were 
also conducted in accordance with Method No. 1092 of Federal Specifi- 
cation L-P-406a, using a Tsber abraser. Light transmission and haze 
measurements were made following A.S.T.M. Method D 1003-49T, using a 
Hunter hazemeter. These measurements were made after 0, 10, 25, 50, 
75, 103, 150, 200, and 250 revolutions of the abraser. 

RESULTS AND DISCUSSION 

Standard Tensile Tests 

The results of the tensile tests on the formed and unformed speci- 
mens are shown in table I. All of the results are shown graphically in 
figure 2 along with the results previously obtained on 50-percent- 
stretched material. A statistical analysis of the data did not indi- 
cate any significant sheet-to-sheet variation and the standard errors 
reported in table I were calculated on this basis. The data did not 
indicate an increase in tensile strength for the 100-percent-stretched 
material. There was an increase in tensile strength, however, of about 
6 percent for the general-purpose-grade Lucite specimens stretched 145 
to 150 percent and about 12 percent for the Plexiglas specimens of both 
grades which were stretched 165 to 170 percent. The control specimens 
of heat-resistant-grade Lucite broke prematurely, so that there was no 
value obtained upon which to base any change in tensile strength upon 
stretching. The corresponding total elongations were considerably 
higher for the stretched specimens than for the unstretched, increasing 
from approximately 7 percent for the unstretched material to approxi- 
mately 5C and 25 percent for the material stretched 100 and 150 percent, 
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respectively. None of the stretched specimens crazed in the short-time 
tensile tests, which result might have been expected from the previously 
reported results on 50-percent-stretched material, whereas the control 
specimens crazed at the usual strains varying from 2.3 to 3.4 percent 
for the various materials. 

The fracture surfaces of the unstretched specimens and of the pre- 
viously tested p-percent-stretched specimens had a mirrorlike area ti 
which, it was postulated, the fracture begins (ref. 1). This mirror- 
like area was observed on only a few of the lOO- and the lw-percent- 
stretched specimens (fig. 3). The lamUarna.tureofthe fracture sur- 
faces was mOre pronounced Fn these highly stretched specimens than in 
the 50-percent-stretched specimens (fig. 4) and the fracture surfaces 
were so small and lsminar that detection of the glsssy areas was usually 
quite difficult. The influence of orientation on the appearance of 
fracture surfaces is also shown by the fibrous nature of uniaxially 
stretched polymers previously noted by Houwink (ref. 3) and Cheatam 
and Dietz (ref. 4). 

Stress-Solvent Crazing 

The results of the stress-solvent crazing tests are shown in 
table II and in figure 2. The specimens of the unstretched mterials 
crazed at stresses corresponding to approxfinately one-fourth of the 
ultimate strength upon application of benzene. The threshold crazing 
stress for the lOO-percent-stretched materials was 210 and 160 percent 
higher than for the unstretched general-purpose and heat-resistant 
grades, respectively, corresponding to approxtitely three-fourths and 
two-thirds of the respective ultkte strengths. Most of the specimens 
of the more highly stretched materials did not craze won the applica- 
tion of benzene even at stresses very close to the ultimate strength. 

Several stress-solvent-crazed specimens are shown in figure 5 along 
with a stress-crazed specimen. The craze cracks in the lOO-percent- 
stretched solvent-crazed specimen are finer and mre numerous than in 
the unstretched solvent-crazed specimen. This same effect was noted 
for the y-percent-stretched specimens. 

Surface Abrasion Tests 

The results of the abrasion tests sre shown in table III. The light 
transmission of the formed specimens after abrasion was only slightly 
less than that of the unformed specimens. The haze of the formed materFa1 
after abrasion, however, was appreciably higher than that of the unformed 
material in every case, this increase ranging from approximtztely 15 to 
55 percent. From the data there is a rough indication of increase in 
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haze after surface abrasion with higher degrees of stretching. This 
was also apparent in working with specimens of the stretched material. 
The highly stretched tensile specimens were easily scratched when 
rubbed gently with industrial cleansing tissues or absorbent cotton, 
which was not true when the same treatment was applied to specimens 
having low degrees of stretching. 

X-Pay Diffraction Patterns 

X-ray diffraction patterns were obtained on both stretched and 
unstretched polymethyl methacrylate, using a recording Geiger counter 
spectrometer with a copper target and nickel filter. The patterns were 
similar to those obtained by Krinan and 2lobolsky (ref. 5), with halos 
at Bragg spacings of 6.5 and 3.M for both the unstretched and the 
stretched materials, compared with 6.60 and 2.92A reported by the above 
authors. They attribute the former spacing to interchain interferences 
and the latter to intramolecular interferences. The height of the 
6.5~ peak was approximately 30 percent higher for the stretched material 
than for the unstretched. This would indicate increased orientation 
in the stretched polymer, which is expected from the nature of the 
stretching operation. There was a slight decrease noted in height of 
the 3.OA peak of the stretched samples, but it is questionable whether 
this change is significant. 

Discussion 

The mechanism of crazing has been discussed in a previous report 
(ref. 1). It was postulated that crazing starts at the surface at 
submicroscopic flaws or weak points. Such weak points may be sub- 
microscopic regions in which the polymer chain segments are oriented 
normal to the applied.-stress. In biaxial stretching, the chain seg- 
ments turn into a position more nearly parallel to the surface, and 
this angular change is dependent on the degree of stretching. The 
chain segments do not, on the average, change the angle of their pro- 
jections on the plane of the sheet with respect to the length or width 
of the sheet. Dailey (ref. 6) previously made similar statements for 
polymer chains. As the orientation increases, it may become more dif- 
ficult for a submicroscopic crack to propagate through the thickness 
of the sheet, because of the development of "cleavage" planes (ref. 1). 
The possibility then exists that, inhighly formedpolymethylmetha- 
crylate, submicroscopic cracks form on the surface of a specimen when 
a tensile load is applied. The growth of cracks through the sheet is 
retarded by the planar orientation, however, and the specimen fails 
before the cracks become visible. Examination of the surface of 
stretched polymethyl methacrylate with the electron microscope may 
yield further information on this possibility. 

. 
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Crazing may be local tensile faiiure reeultfng from internal. 
stresses, as postulated by Russell (ref. 7), or may result from other 
types of surface flaws or defects, which would be points of localized 
stress concentration. These flaws might be inhomogeneities in chemical 
cowosition, such as residual catalyst, or physical surface defects 
resulting from the casting operation. The importance of flaws in 
effecting the fracture of other materials has been recognized. Griffith 
(ref. 8) has proposed a theory of the strength of glass based on the 
presence of surface cracks. The importance of structural Inhomogene- 
ities in the failure of metals has been reported by Epremian and Mehl 
(ref. 9). They found that inclusions play, by far, the dominant role 
in the fatigue behavior of metals. 

Biaxial stretching probably would alleviate the effects of some 
types of submicroscopic flaws in cast acrylic sheet, since the material 
is heated to the rubbery state and then stretched. This would delay 
the formation of cracks in stretched material. 

The orientation of the biaxially stretched materfal is apparent not 
only from the previously mentioned X-ray dfffraction measurements but 
also from the laminar structure of the fracture surface of a stretched 
specimen, as compared with the amorphous appearance of an unstretched 
specimen (fig. 4). !Thls change fromansmorphousto a lamhar structure 
could account for the increase in tenstie strength noted for the material 
stretched 140 percent and more. When the degree of orientation is high 
enough, the material might act as an assembly of independent lamInae 
parallel to the plane of the sheet, and the forqe required to rupture a 
series of such layers would be greater than that required to rupture a 
single layer of material of the same total thickness. The latter would 
be typical. of the structure of unstretched material. 

The increased resistance to crazing offered by biaxially stretched 
material in stress-solvent crazing tests can probably be explained by 
similar reasoning and has been discussed in the previous report (ref. 1). 
Essentially the solvent acts as a plasticizer and allows the chains to 
be separated more easily, but the postulated molecular structure of the 
biaxially stretched material would agati render the mterialmore craze 
resistant. When the degree of stretching reaches approximately 130 per- 
cent, the specimens fracture before crazing, even upon application of 
solvent. 

The decrease in abrasion resistance of the stretched material may 
also be due to its laminar structure. The oriented chainsthatare 
essentially parallel to the surface may offer less resistance to abra- 
sion than that offered by the randomly orfented chains of the unstretched 
material. 
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Possible Use of Stretched Acrylic Sheet 

The possible use of prestretched acrylic plastic sheet in aircraft 
enclosures was suggested in a previous report (ref. 1). Since the 
report was issued, impact tests have been conducted by North American 
Aviation, Inc., on a tail gunner's enclosure (ref. 10). During the 
forming operation, this enclosure is essentially biaxially stretched 
varying amounts over its area, up to approximately 100 percent at the 
top of the enclosure. The tests indicated that the shattering char- 
acteristfcs in the highly stretched portions are greatly *roved. 
Failure consists only of a hole approximately the same size as the 
striking cylinder. Unstretched material, on the other hand, tends to 
shatter under these conditions. Thus the shattering characteristics 
of biaxially stretched acrylic sheet suggest that the method for forming 
enclosures be modified to produce canopies which are stretched over the 
entire area; including the rim. Besides the *roved impact properties, 
there would also be an accompanying decrease in weight and in tendency 
to craze. 

There are technical difficulties in the forming of prestretched 
acrylic enclosures which would have to be overcome to make the process 
commercially feasible. In addition, the decrease in abrasion resistance 
must be considered, but this may not be serious. Enclosures have been 
in general use which were essentially highly stretched in certain areas 
during the forming operation, as in the above-mentioned tail gunner's 
enclosure, with apparently no serious decrease in abrasi.on resistance. 

CONCIJJSIONS 

Biaxial stretch-forming of polymethyl methacrybte approximately 
100 and 150 percent, respectively, had the following results: 

1. The tensile strength did not change for the loo-percent- 
stretched material but increased 6 to I2 percent for the-&50-percent- 
stretched material. The total elongation increased from approximately 
7 percent for unstretched material to 50 and 25 percent for the 100- 
and 150-percent-stretched materials, respectively. None of the 
stretched specimens crazed in the short-time tensile test. 

2. The threshold stress for stress-solvent crazing with benzene 
increased from approximately one-fourth of the ultimate strength for the 
unstretched material to approximately three-fourths for the 100-percent- 
stretched material. Most of the 150-percent-stretched specFmens did 
not solvent craze even at stresses very close to the ult3mate strength. 
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l 3. The abrasion resistance of the stretched material, as measured . 
by increase.in haze, was significantly less than that for unstretched 
nmaterial. 

National Bureau of Standmds, 
Washington, D. C., October 10, 1952. 
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TtYEE3 I. - EFFECIC OF BlXXiYiL STRFPCHLWG ON !t'ENSDX PROPER!333 

0~ POLYP METER-~ AT 23O P 

I I I I I 1 I 

Material 
Biaxial TenKlle Stress at onset Strain at onset NBS 

sample stretch, strength, Elongation, 
percent Psi 

percent of crazing, of crazing, 
Psi percent 

Unformed 

Lucite HE01 Lle --- 7>46g 30 5’3(zom2 6,950 k 30 
Lucite .HC202 L2e --- %,690 * tie cg:: : EL 
Plexiglas I-A Plb --" 7,960 f 20 10.6 f 1.2 7,110 f 60 2.3 f 0 
Plexiglas II P2-b --- 9,500 + 30 7.4 f 0.8 8,810 t 100 3.4 f 0.1 

Lucite HC201 t---T Lucite EE202 

Lle 
L2e 
Plb 
FTb 

100 
100 

145 
150 

d7,6&1 f lgo Did not craze. 
9310 f 240 Do. 

7,920 k 3D 30 * 2 Do. 
?0,030 k 30 e26 + 1 Do. 

fl0,6gO ea,ago 
f e25 f 2 Do. 
z! 50 50 f16 f 1 Do. 

Lucite HC201 
Lucite EC202 
Plexiglas I-A 
Plexiglas II ! 

aThe tensile teats were made at 23O C and 50-percent relative humidity, In accordance 
with Method No. 1011, Federal Specification L-P-&Z&. TeatUg speed was 0.05 in./tin up to 
lo-percent strain, at which point the speed wan increased to 0.6 in./min. All results are the 
aver 

T 
e for eight specimens, unless otherwise noted, plus or minus the standsd error. 
Seven of the eight specimens tested broke while the stress-strain curve was still rising 

and did not reach the probable maximum. 
CAverage of the three specimens which crazed. v 

dAverage of four spedmens tested. 
eAverage of seven specimens. 

Lie 
L2e 

Formed 

fAver& of five specimens (three specimens broke In grips). F 
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1 
1 
1 , 
1 

I 
-.I 
1 , 

1 

TABLEi II.- EFFECT OF BIAXIAL STRETCHING ON STRFSS-SOLVENT CRAZING 

WITHEiEImEm GJ?POLYMETHYLMEzFHA~TEAT 23O @& 

NBS Biaxial 
Material Threshold crazing stress, 

sample stretch, 
percent Psi 

Unstretched 

Lucite HC201 Lle --- 1,760 + 30 
Lucite HC202 L2e --- 2,450 5 40 
Pleyiiglas I-A Plb --- 1,710 zk 30 
Plexiglas II Pzb --- 2,760 + p 

Stretched 

Lucite HC201 Lle 100 b5,5m * 30 
Lucite HC202 L2e 100 b6,260 f 300 
Lucite HC201 Lle 145 Two specimens crazed very slightly 

at stress of 7,050 psi. ,Six 
specimens did not craze at 
stresses of 7,450-7,750 psi. 

Lucite HC202 L2e 150 Six specimens crazed slightly 
at stresses of 4,700~9,150 psi. 
Two specimens did not craze at 
stress of 9,700 psi. 

PlexigLas I-A Plb 170 Seven specimens did not craze at 
stresses of 8,425-8,650 psi. 

Plexiglas II P2b 165 One specimen crazed very slightly 
at stress of 9,800 psi. Six 
others did not craze at stresses 
of g,700-10,000 psi. 

aAll results are the average for eight specimens, unless other- 
wise noted, plus or minus the standard error. 

bAverage of four specimens tested. 
T 



! 
I 1 , * , . 

!HELEIII1T.-EFFETOJ?BIAXIALB~ ON SURFACE AHRAsIm OF 

Light tE3Wlil3BiO~, 

I 

Hcaae, 

percent percent I 
1 --ii&lnal 1 Flral 1 Original 1 Final 1 

PlexigLss I-A Plb 0 1 y2.2f 0 
160 91.8 f 0.1 

PlexIgLglas II P2b 

Plexiglm II P2c 

Lucite EC202 L2e 
7: 

100 

92.3 f 0 
91.8 f 0.1 

92.0 2 0 
ye.0 f 0 
92.1& 0 

~ 92.1f 0.1 

1 y2.1i 92.0 zk 0 0.1 

84.7 f 0.3 
83.8 i 0.1 

86.3 f 0.1 
84.8 f 0.3 

87.1. k 0.3 
85.3 f 0.6 
84.2 f 0.9 

87.1 zt 0.1 

0.2 1 0 29.6 1 1.3 
.4 f 0 42.8 k 0.4 

.2 f 0.1 

.4 * 0.1 

:2*: 
.3: 0 
.5 f 0.1 
.l * 0.1 
.2 5 0 

22.2 c 0.3 
31.1 f 1.2 

23.3 k 1.0 
28.1 * 1.8 
36.4 f 5.3 

23.7 4 0.2 
28.8 f 0.5 
27.3 t 0.1 

'ALI results are the average for three epecinens from the s&e disk, plus or minus 
the standard error. The spedmens in each group of tests were taken from the same sheet 
of material. Pied meamrements were taken after 250 revolutions of the abraser. 
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I I I I 
- 0 

0 0 0 
q 

- 

A - 

A 

- 
0 TENSILE STRENGTH 

A 0 STRESS-CRAZING THRESHOLD 

- A STRESS-SOLVENT- GRAZING 
THRESHOLD 

I I I I 
0 so loo 1st 

AMOUNT OF BIAXIAL STRETCH, PERCENT 

60- 0 
+ 
z 
s 0 
E40- 

d 0 
si 20- 0 TOTAL ELONGATION 

E 0 q sc’R”A”:I”NG AT ONSET OF STRESS 

P 
O 0 

I I 
v 

I 50 100 I50 
AMOUNT OF 8IAtiIAL STRETCH, PERCENT 

Figure 2.- Effect of biaxial stretching on tensile properties of 
polpethyl methacrylate at 230 C. 



Figure 3.- tip view of fracture surfaces of heat-resistant-grade 
polymethyl-methacryl&etenfdle apeciu~~~withvaryingdegrees of 
biaxial stretching. Note mkror areas In lower right-hand corner 
of stretched specimens and In center of bottom edge of unstretched 
SpWimeIl. 



a pwx11t 9 percent 100 percent. 140 percent 
_- .- .- - .- _ _._. 

Figure 4.- Bide view of fracture surfaces of polymethyl-mthacryhte 
tensile specimens tith vmylng degreea of biaxial stretching. 
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A Unstretched; crazed during short-time tensile test w- - 
B Unstretched; stress-solvent crazed with benzene; maximum 

stress, 2,hOO pounds per square inch 
C Bi.axially stretched 100 percent; stress-solvent crazed 

with benzene; maxlnnrm stress, 7,000 pounds per square 
inch 

D Biaxially stretched 150 percent; stress-solvent crazed 
with benzene; maximum stress, 10,000 pounds per squsre 
inch 

Figure 5.- Crazed tensile specimens of polymethyl methacrylate. 


